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PURPOSE. Gap junctions are present in all corneal cell types and have been shown to have a critical role in cell phenotype determination. Vitamin D has been shown to influence cell differentiation, and recent work demonstrates the presence of vitamin D in the ocular anterior segment. This study measured and compared gap junction diffusion coefficients among different cornea epithelium phenotypes and in keratocytes using a noninvasive technique, fluorescence recovery after photobleaching (FRAP), and examined the influence of vitamin D receptor (VDR) knockout on epithelial gap junction communication in intact corneas. Previous gap junction studies in cornea epithelium and keratocytes were performed using cultured cells or ex vivo invasive techniques. These invasive techniques were unable to measure diffusion coefficients and likely were disruptive to normal cell physiology.
METHODS.
Corneas from VDR knockout and control mice were stained with 5(6)carboxyfluorescein diacetate (CFDA). Gap junction diffusion coefficients of the corneal epithelium phenotypes and of keratocytes, residing in intact corneas, were detected using FRAP.
RESULTS. Diffusion coefficients equaled 18.7, 9.8, 5.6 , and 4.2 lm 2 /s for superficial squamous cells, middle wing cells, basal cells, and keratocytes, respectively. Corneal thickness, superficial cell size, and the superficial squamous cell diffusion coefficient of 10-week-old VDR knockout mice were significantly lower than those of control mice (P < 0.01). The superficial cell diffusion coefficient of heterozygous mice was significantly lower than control mice (P < 0.05).
CONCLUSIONS.
Our results demonstrate differences in gap junction dye spread among the epithelial cell phenotypes, mirroring the epithelial developmental axis. The VDR knockout influences previously unreported cell-to-cell communication in superficial epithelium.
Keywords: corneal epithelium, vitamin D receptor, gap junction, FRAP, keratocyte G ap junction communication has a pivotal role in tissue development and maintenance through homeostatic control of cooperative, interacting cells within tissues and organs. 1 Gap junctions are formed by connexin proteins, 2 and are correlated positively with cell proliferation and the rate of migration of immature cells. [3] [4] [5] Gap junction dysfunction has been linked to a variety of human diseases, including cataracts, cardiovascular anomalies, peripheral neuropathies, deafness, diabetes, and skin disorders. [6] [7] [8] Gap junctions influence cellular phenotypes in wound healing skin, 9 and mediate the spread of cell injury and death during myocardial ischemia-reperfusion. 10 Loss-or gain-of-function connexin mutations may change cellular phenotypes in the developmental axis, leading to diseases of the skin. 9, 11, 12 Furthermore, previous studies have demonstrated that gap junction expression in the embryo is diverse, with specific cell types expressing different connexins, which may imply differences in the function of these intercellular channels in different loci and developmental stages. 13, 14 The functions of gap junctions in nonexcitable tissues are only recently starting to become understood. They likely have a role in coordinating cell division activity during embryonic tissue development. Studies also have linked them to the wound healing process. In addition, because the cornea is an avascular structure, gap junctions likely serve as a route for the distribution of nutrients and metabolites. 15 Diffusion coefficients directly reflect gap junction permeability, and, thus, quantitatively define the functionality of the gap junctions under the stated conditions. The corneal epithelium has three major phenotypes that are influenced by their location along the vertical axis of the epithelium, and are defined as superficial squamous cells, middle wing cells, and inner basal cells. Thoft and Friend 16 proposed that the basal cells of the epithelium are formed in the limbal region. As these cells divide, they migrate toward the surface to form the wing cells in the middle layers of the epithelium. As the outer surface layers slough off into the tear film, the wing cells flatten out and take their place as the new surface cells. This process appears to work for daily maintenance and wound healing. 17 It is known that all cell layers of the corneal epithelium contain functional gap junctions. 15, 18, 19 Previous studies have examined the diversity of gap junctions in the corneal epithelium cell using electron microscopy, 20 immunostaining, 21 and microinjection techniques. 22 and human corneal epithelium using RT-PCR. 23 Multiple gap junction genes and proteins have been described during development of lens, retina, embryo, and skin. [24] [25] [26] [27] [28] Moreover, the combined use of electrophysiology, live-cell imaging, and molecular biology has brought new insights into gap junction function in the cells of the eye. Ex vivo gap junctions functioning in corneal epithelia, except for superficial squamous cell, were first observed by our group using microelectrode dye injection of 5,6-carboxyfluorescein. 18 However, systematic quantification of corneal epithelial gap junction dye diffusion coefficients has not been reported, nor has the influence of genotype perturbation on in situ or ex vivo corneal epithelial gap junction function been reported.
The biological structure of the corneal stroma has been studied widely. 29 In the corneal stroma, keratocytes reside between the collagen lamellae, and appear to decrease in density gradually from the anterior to posterior cornea in humans and rabbits. 30, 31 Keratocytes connect with neighboring keratocytes via gap junctions to form a cellular network. 32 The shape and extent of the keratocyte network correlate with the pattern of collagen lamellae. Recent data demonstrated that keratocytes form a single contiguous 3-D network, rather than a series of independent parallel networks. 33, 34 Ex vivo gap junction communication between stromal keratocytes was observed and evaluated directly by our group using microelectrode dye injection in rabbit and human corneas. 35 However, this model was restricted to examining only the posterior-most keratocytes directly under the endothelium, and had the problem of being significantly invasive to the cell being injected, which is the case in all microelectrode injection techniques.
Since gap junctions were discovered in the myocardium and in neurons, 36, 37 numerous methods have been developed to explore gap junction channels. 38 In the cornea, patch-clamp techniques have been applied to study ion and dye movement across endothelial and epithelial gap junctions of several species. [39] [40] [41] [42] In addition, corneal gap junctions have been analyzed by measuring dye transfer using techniques, such as scrape loading. 43 In cells from other tissues, gap junctions have been examined using electroporation, 44 preloading assays, local activation of molecular fluorescent probes, 45, 46 and fluorescence recovery after photo bleaching (FRAP). 47 In recent years, FRAP has been used widely to study molecule transport, diffusion, interactions, and immobilization in live cells. The FRAP experiments are based on photobleaching a fluorescent marker in a selected area, followed by measurement of dye return back to the original equilibrium state via gap junction transport in the photobleached cell. 48 The vitamin D endocrine system controlling calcium homeostasis was discovered in 1970. 49 Since that time, the role of vitamin D, working through the vitamin D nuclear receptor (VDR), has been investigated in a wide range of tissues. Physiologic and pathophysiologic processes, including autoimmune, infectious, and granuloma-forming diseases; cardiovascular disorders; and cancers, have been linked to the vitamin D/VDR system. 50, 51 Vitamin D deficiency is a global health problem, and one billion people are estimated to be vitamin D-deficient or -insufficient. 52 At the same time, 10 million people worldwide are blind due to severe corneal disease. Epithelial gap junction communication is associated with healthy tissue. Vitamin D repletion in patients with low vitamin D could lead to increased gap junction communication and corneal epithelial health, including supporting the corneal epithelial phenotypes associated with epithelial regeneration.
Our previous studies determined that vitamin D can be produced in the cornea and can enhance corneal epithelial barrier function. 53, 54 Moreover, our previous work has demonstrated that elevated epithelial calcium concentrations stimulate gap junction connectivity in corneal epithelial cells. 18 More recent work from our lab demonstrates that VDR knockout results in delayed epithelial wound healing and disruption of the epithelial tight junction network, and that supplementing VDR knockout mice with a diet rich in calcium reverses these problems (Watsky MA, et al. IOVS 2013;54:AR-VO E-Abstract 2583). Previous work also has shown that VDR knockout mice are calcium-deficient. 47, 49 This leads us to hypothesize that, at least in part, calcium deficiency is involved in the observed VDR knockout corneal epithelial issues. We hypothesize that this same VDR-related calcium deficiency may result in a reduction of gap junction connectivity in VDR knockout mice, and that vitamin D, thus, is important for maintaining the normal connectivity of the corneal epithelium.
In this study, we described the use of FRAP to measure ex vivo gap junction diffusion rates noninvasively in the epithelium and keratocytes of intact mouse corneas. Furthermore, we investigated gap junction activity in the corneal epithelium of vitamin D receptor knockout mice.
MATERIALS AND METHODS

Animals and Sample Preparation
A breeding pair of vitamin D receptor knockout mice (B6.129S4-Vdr tm1Mbd /J) was purchased from The Jackson Laboratories (Bar Harbor, ME, USA) and mice subsequently were bred for this study. Ten VDR À/À , 10 VDR þ/À , and 10 VDR þ/þ mice were used. Mice were euthanized at 4 or 10 weeks of age. They were housed and treated according to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. All studies were reviewed and approved by the Institutional Animal Care and Use Committee.
Euthanasia was carried out by cervical dislocation after deep anesthetization with isoflurane. The eyes were removed and dissected from the overlying sclera at room temperature (RT) into a NaCl Ringer's solution (100 mM NaCl, 0.5 mM KCl, 2.5 mM CaCl 2 , 5 mM glucose, 5 mM HEPES). Eyes were pinned epithelium side up to a Sylgard (Dow Corning, Midland, MI, USA) disc and placed in a custom-constructed acrylic chamber that served as the stage for an LSM710 confocal microscope (Carl Zeiss, Jena, Germany).
Dye Loading
The 5(6)-carboxyfluorescein diacetate (CFDA) was purchase from Sigma-Aldrich (St. Louis, MO, USA). A stock solution of CFDA was prepared in dimethyl sulfoxide (DMSO) at 13 mmol (6 mg/mL), which was protected from light. The CFDA stock solution was diluted to 1:200 vol/vol with PBS medium to obtain a final working concentration of 65 lmol. Diluted solutions were used immediately. Eyes used for FRAP analysis of superficial squamous cells were exposed to CFDA at 48C for 1 hour, while all others were exposed to CFDA for 3 hours. For corneal epithelium FRAP experiments, whole eyes were used, while corneas were dissected with a scleral rim from the globes before dye exposure for keratocyte FRAP studies.
Thickness Measurements
Corneal images were acquired with a Zeiss LSM 710 confocal system (Carl Zeiss) using ZEN 2010 software and an x/y/z motorized scanning stage. Corneas were scanned from the epithelium to the endothelium and a Z-stack was created from which the corneal thickness was determined. To obtain the Zstacks, 40 optical sections were acquired sequentially from the superficial squamous epithelium to the endothelium using a C-Apochromat 633/1.20 W korr UV-VIS-IR M27 objective. The Z-
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IOVS j May 2014 j Vol. 55 j No. 5 j 2976 value between epithelial and endothelial positions was considered the corneal thickness. Corneal thickness measurements were made from one cornea per mouse.
FRAP Measurements
The FRAP measurements were carried out with the LSM710 multiphoton confocal microscope and C-Apochromat 633/ 1.20 W korr UV-VIS-IR M27 objective. Scan frame size was 512 3 512 lm, pixel dwell 1.58 lsec, and scan time 3.87 msec. The pinhole was set at 300 Airy Unit (1 AU ¼ 1.082 micron section) and no line averaging was used. The CFDA was excited with the argon laser at 488 nm at 16% power to minimize bleaching of the sample during monitoring. The CFDA fluorescence emission was detected between 492 and 602 nm. Six bleach iterations, pixel dwell 25.21 lsec at 100% transmission were sufficient to bleach 95% to 100% of the intracellular CFDA. One prebleach image was taken to assess noise. An image size of 134.7 3 134.7 lm was chosen to allow for simultaneous monitoring of two neighboring cells to calculate the overall photobleaching and to evaluate focal plane drifts during postbleaching data acquisition. For each mouse, central corneal cells were preferred for FRAP measurements, and at least 20 cells were analyzed from both corneas. Some bias possibly was introduced into the FRAP measurements in that FRAP cells were chosen that had well-stained neighbors to ensure that dye could move into the bleached cell from all possible bordering cells. The bleaching area for epithelial cells covered approximately 90% to 100% of the cell area. For keratocytes, the bleaching area covered approximately 80% to 90% of the cell body, but did not extend to the projections radiating from the cell body.
Diffusion Coefficient Analysis
Bleach recovery data were normalized and then fit to a single exponential using the FRAP analysis module of the Zeiss ZEN software. The half-time for fluorescence recovery (t 1/2 ) was determined as the time needed for the intensity at the center of the bleached area to reach 50% of the asymptotic recovery value. The t 1/2 is solved by the software using the diffusion
where D is the diffusion coefficient and R is radius of the bleached disc. 55, 56 Image Processing and Statistical Analysis All images were processed and analyzed using ImageJ software (National Institutes of Health [NIH] ; available in the public domain at http://imagej.nih.gov/ij/). GraphPad Prism 5 (Graph-Pad Software, Inc., La Jolla, CA, USA) was used for the statistical analysis. Diffusion coefficients of the different phenotypes and genotypes were compared using an unpaired Student's t-test, assuming unequal variance. For multiple comparisons a 2-way ANOVA test was used.
RESULTS
Corneal Thickness and Epithelia Size of VDR À/À Mice
The body weight and superficial cell radius of 10-week-old VDR À/À mice were significantly lower than those of VDR þ/À or VDR þ/þ mice (P < 0.05 and P < 0.01, respectively; Table 1 ). The mean corneal thickness of 10-week-old VDR À/À mice was significantly thinner than those of VDR þ/þ mice (P < 0.05). Although the body weight of 4-week-old VDR À/À mice was significantly lower than that of VDR þ/À or VDR þ/þ mice (P < 0.05), there were no differences in the corneal thickness or superficial squamous cell size among the three genotypes of 4week-old mice ( Table 2 ). Figure 1 shows the different patterns of CFDA recovery into bleached superficial squamous cells from their surrounding cell(s). Three distinct patterns of CFDA recovery were observed; from a single neighboring cell (Fig. 1A) , from two neighboring cells (Fig. 1B) , and from three or more neighboring cells (Fig. 1C) . Figure 1A is the typical recovery pattern of superficial cell of VDR À/À mice, while dye recovery typically was from more than one direction in the superficial cells of VDR þ/þ and VDR þ/À mice. The above described patterns also were observed in middle wing cells and inner basal cells. Data represent 102 cells from 5 corneas of 5 VDR þ/þ mice, 73 cells from 10 corneas of 5 VDR þ/À mice, and 110 cells from 10 corneas of 5 VDR À/À mice.
Recovery Patterns of Corneal Epithelial Cells
* P < 0.05 body weight of VDR À/À versus VDR þ/þ and VDR þ/À . † P < 0.05 corneal thickness of VDR À/À versus VDR þ/þ . ‡ P < 0.01 superficial cell radius of VDR À/À versus VDR þ/þ . Data represent 93 cells from 5 corneas of 5 VDR þ/þ mice, 119 cells from 10 corneas of 5 VDR þ/À mice, and 88 cells from 10 corneas of 5 VDR À/À mice.
* P < 0.05 body weight of VDR À/À versus VDR þ/þ and VDR þ/À . Gap Junctions in Superficial Squamous Cells Figure 2 shows representative bleaching and recovery images, along with FRAP recovery curves, from superficial squamous cells of VDR þ/þ ( Figs. 2A, 2B ) and VDR À/À (Figs. 2C, 2D) mice. Recovery curves shown in Figure 2 are from all squamous cells examined from the paired corneas of a single representative mouse. It can be seen from the curves that there is much more variability in the shape and slopes of the recovery curves of VDR À/À cells compared to VDR þ/þ cells.
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Gap Junctions of Middle Wing Cells and Inner Basal Cells
Recovery curves were not different for middle wing cells or inner basal cells of either genotype. Table 3 (across rows) compares diffusion coefficients of the different cell types within genotypes of 4-week-old mice. Significant differences in diffusion coefficients were found between superficial squamous cells and middle wing cells (P < 0.05), and between superficial squamous cells and inner basal cells (P < 0.01) within all three genotypes of 4-week-old mice.
Diffusion Coefficient Comparisons Between Cell Types
In addition, the middle wing cell diffusion coefficients were significantly different compared to inner basal cells (P < 0.05) within all three 4-week-old genotypes. Within 10-week-old control mice and VDR þ/À mice, diffusion coefficients of superficial squamous and middle wing cells, and between superficial squamous and inner basal cells also were significantly different (P < 0.01; Table 4 , across rows). For 10-week-old VDR À/À mice, the superficial squamous cell versus inner basal cell, and middle wing cell versus inner basal cell diffusion coefficients were significantly different (P < 0.01). There were no significant differences between superficial squamous cells and middle wing cells. Comparing diffusion coefficients between the same cell types of 4-vs. 10-week-old VDR þ/þ mice, the only significant difference was a lower coefficient for the squamous cells of 4-week-old mice (P < 0.05).
Diffusion Coefficient Comparisons Between Genotypes
Comparing diffusion coefficients of the same cell types between genotypes in 4-week-old mice ( Table 3 , down columns), there were no significant differences between any cell types. However, in 10-week-old mice the diffusion coefficients of squamous cells were significantly different between VDR þ/þ and VDR þ/À mice (P < 0.05), VDR þ/þ and VDR À/À mice (P < 0.01), and between VDR þ/À mice and VDR À/À mice (P < 0.05; Table 4 , down columns). There were no significant diffusion coefficient differences between middle wing cells or inner basal cells of 10-week-old VDR þ/þ , VDR þ/À , or VDR À/À mice. Figure 3 shows representative CFDA dye spread between a bleached keratocyte and its surrounding keratocytes within the cornea of a VDR þ/þ mouse, along with FRAP recovery curves. Keratocyte CFDA diffusion coefficients ranged from 2.84 to 7.03 lm 2 /s for three VDR þ/þ mice. Mean keratocyte diffusion coefficients equaled 4.26 6 1.37 lm 2 /s (mean 6 SD, 30 stroma cells from 6 corneas of 3 VDR þ/þ mice). 
Keratocyte Gap Junctions
DISCUSSION
Gap junctions are important for all aspects of multicellular life, including cell proliferation and cell migration in many tissues. Cornea gap junctions have been studied previously, and the gap junction diffusion coefficient for Lucifer yellow has been reported for corneal endothelium. 11, 13, 57, 58 Cornea epithelium and keratocyte gap junction diffusion coefficients have never been reported to our knowledge, although previous studies have detected gap junction proteins, connexins, and/or dye spread in corneal epithelial cells and keratocytes in isolated corneas and in monolayer cell culture. 18, 59 While previous microelectrode studies from our laboratory examined ex vivo dye spread in the different layers of the corneal epithelium, 15, 18, 19 it was not possible to quantify dye diffusion coefficients for the different epithelial phenotypes. In monolayer cell culture gap junction studies, it also is not possible to distinguish between different corneal epithelium phenotypes.
In the current study, we used FRAP methodology to measure cornea epithelial gap junction dye diffusion coefficients in superficial squamous cells, middle wing cells, and inner basal cells, as well as keratocytes, in intact corneas. The diffusion coefficient of superficial squamous cells was significantly greater than that of middle wing cells and inner basal cells. These findings are significant in that there was no evidence for dye spread in superficial squamous cells in previous microelectrode studies. 15, 18 These previous results likely are due to the invasive nature of microelectrodes combined with the thin, flat morphology of superficial cornea epithelial cells. It also is possible that there are species differences given that the previous studies were performed in human and rabbit corneas, while the current study was performed with mouse corneas. The current data showed that the gap junction diffusion coefficient value changed along the developmental axis of corneal epithelium, increasing from basal cells to wing cells to squamous cells, following the centripetal migration pattern and vertical movement of cells from the stroma to the surface. 16, 60, 61 It is not clear why the superficial cells have the highest diffusion coefficient. It is possible that these superficial cells contain an increased number of connexin proteins or possibly have an increased connexin channel open probability. Previous studies determined that at least three connexin proteins are expressed in mouse corneal epithelium, with connexin 43 restricted predominantly to the basal cells that are involved in the control of cell migration, [62] [63] [64] The use of VDR knockout mice is a common model to study vitamin D deficiency because of its specificity for 1,25dihydroxyvitamin D, as well as the general acceptance that the vitamin D responses, particularly chronic responses, are mediated through VDR. Corneal epithelial cell gap junction diffusion coefficients also were compared between the different VDR mouse genotypes. The diffusion coefficient of superficial squamous cells of VDR þ/þ mice was significantly greater than that of VDR À/À mice. This appeared to be due in part to the recovery pattern of the different genotypes, with dye recovery originating from several neighboring cells in VDR þ/þ mice and typically only one neighbor in VDR À/À mice. No differences were found in the diffusion coefficients or recovery pattern of middle wing cells or inner basal cells among the different mouse genotypes. Interestingly, vitamin D and VDR have been shown to regulate gap junctional communication in human skin fibroblasts. 65 The differences in the recovery pattern of the VDR À/À versus the VDR þ/þ mice likely are related to the pattern of connectivity of the superficial cells between the two genotypes. We observed that the superficial cells of VDR þ/þ mice typically are tightly abutted to their neighboring cells, with the epithelium appearing regular and fully intact. The surface cells of VDR À/À mice, on the other hand, appeared to be more irregular and patchy (Fig. 4 ). This morphology supported previous work from our laboratory indicating vitamin D is A, B) and VDR À/À (C, D). Variability in the shape and slopes was observed in the recovery curves of VDR À/À cells. Cell borders have been highlighted. Data represent 93 superficial squamous cells, 64 middle wing cells, and 101 inner basal cells from 10 corneas of 5 VDR þ/þ mice; 119 superficial squamous cells, 44 middle wing cells, and 111 inner basal cells from 10 corneas of 5 VDR þ/À mice; and 88 superficial squamous cells, 74 middle wing cells, and 76 inner basal cells from 10 corneas of 5 VDR À/À mice.
* P < 0.05 middle wing cell versus superficial squamous cell for all genotypes. † P < 0.01 inner basal cell versus superficial squamous cell for all genotypes.
involved in corneal epithelial tight junction control, and points to a possible role of vitamin D and VDR in corneal epithelial regeneration. This is supported further by our recent work demonstrating that vitamin D is involved in corneal epithelial wound healing. 53 The VDR þ/þ mouse corneal thickness was larger than that of VDR À/À mice. The VDR À/À mouse had a smaller superficial squamous cell size, which implies greater cell density. Interestingly, connexin 31.1 has been shown to regulate the differentiation and thickness of human and mouse corneal epithelia. 66 It is possible that the difference in diffusion coefficients is due to a reduced number of functional gap junctions, a change in the distribution of connexin protein species, or a defect in the function of gap junctions themselves. Additional studies are needed to quantify the effects of vitamin D and VDR on the expression of Cx31.1 and other connexins in the corneal epithelium.
The FRAP methodology presented in this study also was used to measure gap junction diffusion coefficients in intact keratocytes. The results supported previous work showing that keratocytes form an intercommunicating network within the corneal stroma. The current study recorded a recovery time for mouse keratocytes of approximately 18 seconds. This is notably faster than that of carboxyfluorescein (CF) spread in rabbit and human keratocytes measured by dye microinjection, in which dye was seen spreading to two or three cells surrounding the source cell 4.5 minutes after the microinjection. 22, 35 Significant variability was observed in the diffusion coefficient among keratocytes, which appears to be related to the keratocyte phenotype and location within the stroma. It has been shown that keratocyte density is significantly higher in the anterior stroma than that in the posterior stroma, 67 which would allow for increased connectivity in the anterior stroma. In addition, morphologically, keratocytes have been found to be a heterogeneous cell population in rabbits and humans. 68 Furthermore, keratocytes isolated from perilimbal and central locations of human corneas show different characteristics, including their proliferative capacity. 69 In summary, to our knowledge this study is the first to demonstrate gap junction dye spread between superficial corneal epithelial squamous cells. The data demonstrated a significant difference in gap junction dye spread among the different epithelial cell phenotypes that mirrors the developmental axis of the epithelium. Interestingly, the cells that are the most differentiated, surface squamous cells, had the highest diffusion coefficient. In addition, it was found that the squamous cells of VDR À/À mice had lower diffusion coefficients than those of VDR þ/þ mice. The VDR À/À mice also had thinner corneas and smaller cell sizes. Thus, VDR and Data represent 102 superficial squamous cells, 56 middle wing cells, and 85 inner basal cells from 10 corneas of 5 VDR þ/þ mice; 73 superficial squamous cells, 86 middle wing cells, and 66 inner basal cells from 10 corneas of 5 VDR þ/À mice; and 110 superficial squamous cells, 67 middle wing cells, and 96 inner basal cells from 10 corneas of 5 VDR À/À mice.
* P < 0.05 VDR þ/À versus VDR þ/þ superficial squamous cells. † P < 0.01 VDR À/À versus VDR þ/þ superficial squamous cells. likely vitamin D modulation of gap junctions may be involved in the regeneration and development of corneal epithelium.
